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~ kdrad.  ‘J’l]c Microwave ]Jil~lb  SounclCr  obscnwcd waves
in stratospheric. kmpcratum  and 03 duriug  the 1992 south-
mn wintm. Wave  1 intcmsifics  thrcx t imes from mid A u -
gust through mid !kptember,  resulting in threw minor sucl-
dcm warmings  and incmasd  zona] mean 03, whcm a 9 day
mstwarcl traveling wave  I)cmmcx  in phase with t,hc station-
ary wave 1, Whcm the waves am in phasc,  an intensif ied
barodinic  zcmc ariscx from the wave’s  westward phase tilt.
OzonC wave amplitudcx  nmr 5 - 10 Ill)a  intcmsify  during
the warmings  and arc largyr  t h a n  expcdd from photo-
c.hcmistry  alone, itnp]yillg  trauspcmt  by planetary waves;
this is supported by posit,  ivc phase corrdation  lmtwcxm
the waves  in 03 and tcmpmaturc.

lntrocluction

A n  audysis  of the I,lh4S data set [I,covy  ct al., 1985]
showccl  that the ozol]e distribution is strongly aflcc,tccl  by
planetary wave% leading to ]Jolcwad transport of ozone
during  sudden  warmings.  Another example, the 1988 sud-
dm warmings  of the southcn  polar stratosphere [I<anzawa
and  K awaguc.  hi, 1  990 ;  Schocbc!rl C!t al., 1989],  ld to all
anomalously weak ozone  hole that year. ‘J’hc 1992 southe-
rn wintm  cxpericmc.d  scvcra]  minor  warmings  a t  a time
wllcn increases ill 0:~ w(?rc assoriatd  with transport into
the vortex [Mare  Icy ct al. sul~mittd  to this  issue] .  ]t
is cxpmtd  that 03 transport is m]atcd  k) tile p lane ta ry
waves associated with these warmings.

‘] ’]lis  ]cttcl c]cscril>cs  obsc:lvcci  wave activity associated
w i t h  the 1992 Southcrl]  win te r  wa,rmings  and its M3]C ill
t r anspor t ing  ozone  into tl]e vorkx.  ‘1’hc data consist of
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Mic.rowavc  l,imb Sounclcr  (MI,S) lnmsurmncnts  of tcnlpcr-
aturc (T) and 03 cmcmtration  during the period from 14
August through  20 September 1992, rdricwd as clcm.ribd
by Waters d al. [1 993]. ‘1’hc  uscfu]  vertical covcmgc with
currcmt  MI,S  algorithms (lJAI{S  vcmicm 0003 products) is
20 to 0,2111’a  for T, and 100 to 0.2h1’a  for 03, MI,S  tcm-
pcraturcs  am supplcmcntcd  1JC1OW 20 hl)a by Naiional  hJc-
tcorologica]  (kntcr (NM(;) 1200Z daily analyses samplcc]
along  the MI.S  ,mcasurcmcmt  track. MI,S  data val idat ion
to elate shows zonal  meal]  agrmmcmt  with NMC tmlpma-
tums to 1-2 K l.mtwcm  10 and 1 1)1 ‘a, and with ozoncsondcs
and SAG E 03 mcasurcmcnts  to better  than 10(% hctwccn
50 and 1 h] ’a. Fourier codficients  in time and ]ongitudc,
arc cwaluatd using  the Sal by method  [1 982], as described
by Elson  d al, [1 993]. The mcasuremcmt  gcomdry  allows
r e s o l u t i o n  of zonal  wavcmumbm  <7 and frequcmcics  (Jm
riocls) from 0.028/clay (36.1 day) to 1.04/clay (0.96 clay).

Obscnations  and 1 )iscussion

l“igure  1  shows  ‘1’ and 03 zonal  mcaus  at 5, 10 and
50 hl’a. ‘J’hrcw wannings, w(I clays apart am seem at 5 hl’a

and 10 Ill)a, and to a lesser extent at 50 hl]a. ‘1’hc second
warming has the largest tcmpcratum  inc.rmsc  (18 K at 75S
and  5 hI’a) Clcweloping over 3 days startiug  oll 2 Scqltem-
ber (1 )()}’  246). Warming bc.gins in the l~~icl-stratosl}l)crc
above 10 h]’a and propagates into the 10WCW stra,tosphcrc
N 1 day later. The southcm  mid-latitude stratosphere
to 20° S aud the polar mcsosphcrc  south of 60° S cxpcri-
mc.c  cooling during  the wa.rmings. 1 )uring  the warmings,
zonal-mean  03 mixing ratio south of 60° S incrcascx  at 5
and 10 hl’a. ‘J’hc 03 mixing ratio increases am largest dur-
ing the second  warming, showing a 1.5 ppmv  incrcasc  at
75° S and 5 hl)a.

IPigurc 2 shows the power spcdra  of the time swim of
‘1’ and 03 zonal  w a v e s  1 and 2 at 75° S over a vcrtic.al

range from 50 to 0.2 h 1 ‘a. ‘1’hc  power spectra arc typ ica l
for Lhc southcn  winter, containing primarily stationary
aud c:astward-l)lol)agatillg  traveling waves [hlcchoso  and
IIartman,  1 9 8 2 ;  h4anncy  d al. 19{)1]. Zonal  w a v e  1  has
most of its powm  in a s ta t ionary  wave ,  and 9 aud 4<5
day eastward traveling waves. wav~ 2 ]las ~)o s~a~io~l~ly

c.omponcnt  but has traveling componcmts  with the same
pmiocls  as wave  1. Wave 2 is unusual this year in that its
amplitude is considcrab]y  smaller than wave 1 [Manney  d
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al., 1991].
At 20 and 50 hI’a, the prcscmcc  of C10  during this period

[Watm C!t al ., sul>mittcd  l,o this issue] indicates chcmicd
loss duc tc) procmscs  triggmxl  by hdcrogcmcous  c.llcm  i stry.
‘J’hc dissimilarity of 03 and ‘1’ time scricx spectra at thcm
prmsurcs is consistmt  with the OS field tr.msitionin,g  from
a transport- dominatfcd  regime to one  dominated by 03
loss.

in the Matsuno  [1 97]] mode]  of suclclcm  warmings,  the
mean field is pcrturkd  by waves having growing zmlpli-
tudcs.  Figure 3 shows the amplitude of wave 1 at 75° S
and 5 hPa during t h e  pmiod  of obscnation.  I)uring cad
of the warmings, wave  1 intcmsifics  in b o t h  T  and 03
but the intensif icat ion of  wave 1 in 03 lags hchinc]  the
wave in “J’. ‘1’hc amplitudcx  of the 9 and 4.5 day travd-
ing waves,  obtained by Gaussian band@+s filtering the
spcxtra (0.04/clay half width at half-maximum) arc also
shc)wn. “1’1]0  9 day  wave,  seem in both T and 03, inten-
sifies  throughout the beginning of the observation pcriocl,
reaching maximum amplitude during  the second  warming.
‘J’hc 4.5 clay wave  shows similar bc+avior,  although the
intensif icat ions arc mom localizd  near tho warming.  Al-
though the 4.5 day  wave  intcmsifies  before the 9 day wave,
thcm is no indicat ion that  the travc]ing  waves in 03 lag
l~c~hincl ‘l’.

Figure 3 also shows tllc  .3mplituclc  of the sum of each
t rave l ing  wave  and t,hc s tat ionary wave  (i.e. the waves
arc added taking into account  their phmcs). Maxima oc-
cur when  the travel ing wavcx bccomc  in pha,sc with the
s t a t i o n a r y  w a v e ,  onc.c  every  9 d a y s . ‘J’hcsc  coincide with
the warmings, showing thai a major  source of wave in-
tcmsific.ation arises from heating  bdwcwn the wavcx. ‘J’hc
wave amplitudes in the 03 field shows similar ldavior,
cxc.cpt  that  maximum alnplituclc  occurs after the tcnlpcT-
at um waves.

‘J’hc phase of the waves during the scc.oncl  warming (4
Scptcmbcr  at 0930Z)  is shc)wn  in figure 4. ‘1’hc waves am
approximately in phase as indicatcxl  by figure 3, but, bc-
Causc the phase hcig])t  relations am slightly diflcrcmt,  the
wavcx arc in phase 1 day lalm at 50 111].3 relative to 2 hl’a;
the same time delay is scm] in the zonal  mean warming.
The amplitude of the 03 wave 1 incrca,scs  after ‘1’ hccause
the phases of the 03 and ‘J’ waves arc slightly diffcmmt,
resulting  in the waves  in 0~ c.omming  in phase later.

‘1’raveling and stationary waves have wcstwad phase tilt
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rmulting  in a bamc,linic  zone (regions of strong vertical and
horizontal ‘J’ gradients tilting westward with  height). As
the travc]ing  wave  moves into phase with the stationary
wave, the baroc.linic. zone intensifies. Figure 5 shows tcm-
pcraturc  cross-sections during  the second warming and 4.5
days later wlIen the wqvcs arc out of phase,  ‘J’hc baroclinic.
zone  is strongest during  the warming, but  is almost absent
4.5 days late]. Fairlic d al.’s  [1 990] Simulation  of a l~o~t]~-
mn  hcmisphcnw  major stratospheric warming  showed that
formation of baroclinic zones resulted in an agcostrophic.
flow and clccdcration  of the polar vortex. Baroclinic  zones
can  gmeratc small scale waves  and thcrcforc could  provide
an mcrgy source for intcmsifying  the 9 and 4.5 day travel-
ing  waves. Strong downward motions are often  proclucd
by baroclinic zones [I%ir]ic et al., 1 990], so warming from
downward motions may bc pmwnt.

‘J’he quest ion arises as to whether  the 03 waves rcsu]t
from photochemistry or transport. The photochemistry of
03 is strongly tcmpmaturc  clcpcndcnt  and produces .mti-
correlations bctwccm  q’ and 03 cone.cntration [U’roiclcwaux
ct al., 1989]. ‘1’hc  corrclatiol~  bdwcxm  03 and ‘1’ waves is
the cosine of the phase cliflcmncc  bctwccn  the waves which
can be obtained from figure 4, l~dwcml 2 and 10 hl)a, the
stationary and traveling waves are positivc]y  c.orrdated (
> 0 . 5  at 5 and 10 h]’a), inconsistmlt  with ])llotocl]cI]]istIj~.
‘J’lIc  amp]itudc  of the photochcmic.  a] 03 rcsp,onsc  to a sinu-
soidal temperature perturbation is also much smallm  than
is observed. Following the lincarizd trcatmcmt  of lrroidc-
vaux  ct al. [1 989] , the 03 perturbation from a 61< tmlpcr-
ature perturbation with a 9 day period  arc approximately
90 and 5ppbv  at 5 and 10 hl)a (using 10 day and 100 day
photo chcmical timcsca]cs).  ‘J’hcsc amp]ituclcs arc approxi  -
matdy  10 and 100 times smaller than obsmvd,  suggesting
that dynamical tmns not consiclcnd in the above arc the
sourc.c of the observed large 0 3 variation. As with tem-
perature,  although horizonta]  motions arc onc  source of
03 transport ,  [Mmncy d al ., sul)mittcxl  this issue], vcrti  -
ca] t ransport  may 1>(: importmt.

Stratospheric. wave  activity in the south during  August
and September 1992 was dominated by zonal  wave  1 con-
sisting of stationary and 9 day castwarcl-travc]  ing compo-
nents.  (;onsistcnt  with the Matsuno  mode] of stratospheric,
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warming, wave 1 intensified during  the warmings.  Wave  1
was intcnsificcl  primari]y by wave intcrac.tions  bctwccm the
traveling and stationary components, but  the individual
travdin~ waves also  intensified during the study period.
‘1’his  Jnay ha,vc bccm caused I)y a bamdinic  zone which was
crcatml by the waves And intcmsifid  whcmevm  the w~vcs
were  ill phase. Wave 2 dots not play a major role in the
warmingso

Many  similariticx  wmc  seem bdwcm 03 and ‘1’ at 5 and
10 111’a.  The zonal  mean heating and 03 concen t ra t ion
were  postivc]y  corrdatcd, lfoth showd  the  same  wave
components, and in cad), the waves intensified  during  the
warmings.  l’hc corrdation bctwcwn ‘J’ and 03 w a v e s  a n d
the ratio of spec t ra  indicatd  tl]at tl]c  waves  in  03 WCJW
not a result  of normal pllotochcmistry,  but indicatd  0~
transport. ‘J’hc cffds of the baroclinic  zone on transport
have not hccm ascertain, but winds derivd from it may
have transported 03 both horizontally and vertically.

Suclclcm warmings  disruptd  the  vor t ex  in late winter
1988 and 1992, but  unlike 1988, the 199203 ho]c Imcamc
stronger than the previous year [(;A(;,  1992]. in 1988 the
rate of 03 dcclil]e  rate was hdtd soon after the warmings
[Schockml  d al . , 1 988; Kanzawa and Kawaguchi,  1 990],
but as scxm in figure 1, 46 h l’a zonal  mean 03 continued
to dcnmsc  through  the remainder of the study period. in
summary, although wave activity associated with sudden
w.mnings  can incrmsc  03 in the vortex,  the pmscmcc  of
warmings  dots not imply a wcakcmcd  hole. l“urthcr  study
should provide additional information on the couplings be
twcxw wave activity, sudden warmings,  and the depth and
cluration  of the ozone  hole.
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IPig. 1. Zona] means  of tcmpcraturc  at 5 Ill)a (a) ,  10 h]’a
(b) and 50 lll)a  (c) and of OS at the same prcssurc!s  (d,c!,f).

Fig,  2. Wave  ampl i tude  spec t ra  versus frequency and
height  at 75° S for for ~’ (a,b) and ~~ (C)d) fO1 ZOIla]

wavf.mumlxm 1 (a,c) and 2 (b,d).

Fig. 3. ‘1’hc evolution of T (a) and 03 (b) wave  amp]ituclc
for  zona]  w’avmumlmr  1 at 75° S and 5 h}]a. Shown  arc
amp]itudcs  of all spectral c.omponcmts  (solid), castward-
propagating 9 day wave (dashed), eastward-l~ro})agatillg
4.5 clay wave (dotlml),  stationary plus 9 day component
(3 clot-dash) and stationary plus 4.5 day wave componcmt

( d o t - d a s h ) .

Fig. 4. q’he longitude of the wave cnst versus height  of
the s tat ionary wave  (diamonds) ancl the 9 day castward-
p r o p a g a t i n g  w a v e  (triang]cs)  for T (solid ]inc)  and 03
(dashed  line)  on 4 Scptcmbcr  at OWOZ.

Fig. .5. The tcmpcratum  cross-section at 75° S on (a) 4
September 1992 at 10007, and (b) 9 Scl)tcml]er 1992 at
Ooooz.
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